The resolution in proton-decoupled natural-abundance 13 C NMRt spectra oflarge organic and biological molecules is normally considerably greater than in proton NMR spectra, as a result ofthelarge range of 13 C chemical shifts •and the absence of 13 C-13 C coupling. The Fourier transform NMR technique has partly overcome the problern ofvery poor sensitivity ofnatural-abundance 13 CNMR.
INTRODUCTION
From the Standpoint of sensitivity (minimum number of molecules necessary to detect a signal), NMR is the worst of all common spectroscopic techniques, as a result of the relatively small separations between the nuclear spin energy Ievels (even in the highest magnetic field strengths available today). In spite of this handicap, the ability of high-resolution NMR to monitor the environments of individual atomic sites of molecules in solution .has generated a remarkably wide range of applications for this spectroscopic technique. The information content in proton NMR spectra gradually diminishes as the size and complexity of the molecule increases. Ideally, one wishes to observe and assign a resolved resonance for each non-equivalent hydrogen of a molecule. In practice, there are two factors that conspire against such an ideal situation. First, the range of 1 H chemical shifts is only about 10 p.p.m. (1000Hz in a magnetic field of 23.5 kG). Second, scalar coupling between non-equivalent hydrogens (homonuclear coupling) produces splitting of the resonances. Consequently, the number of resonances is usually considerably greater than the number of non-equivalent hydrogens. I like to define 'resonance density' as the average number of resonances per p.p.m. As a result of the small range of 1 H chemical shifts and of the splittings caused by homonuclear coupling, 1 H NMR spectra ofmost natural products and other large organic molecules have a high resonance density. Therefore, the spectral resolution is often poor, unlike the situation with small organic molecules. As an example, consider the medium-size molecule phytol ( Figure  J) . The 1 H NMR spectrum of phytol, even when recorded at 51.7 kG (220 MHz), is basically a featureless 'blob' (Figure 2 ). In contrast, the protondecoupled (see below) natural-abundance 13 C NMR spectrum of phytol yields resolved single-carbon resonances for 18 out of the 20 carbons 1 (Figure 3 ), even when recorded at only 14.2 kG (15.18 MHz). This is not an isolated case: the proton-decoupled natural-abundance 13 C NMR spectra of practically all types of large organic molecules show a high degree of resolution. Vitamin B 12 and other corrinoids 2 that yield highly resolved 13 C NMR spectra. Why is this so? First, the range of 13 C chemical shifts is greater than that of 1 H chemical shifts. Second (and perhaps more important)is the Iack of splittings from homonuclear ( 13 C-13 C) scalar couplings. This is a consequence of the low natural abundance of the 13 more 13 C nuclei in the same molecule. Therefore, the only type of scalar coupling that we have to worry about is heteronuclear coupling, which can always be eliminated by strong irradiation at the resonance frequency of the other nucleus. In fact, 1 H decoupling, pioneered by Grant 9 , is routinely carried out in recording 13 C NMR spectra. The 13 C NMR spectra presented in this paper were recorded in the presence of sufficiently strong irradiation at the resonance frequencies of all the 1 H nuclei to cause saturation (equalization ofpopulations) ofthe 1 H energy Ievels. Note that I have referred to the 1 H resonance frequencies. The frequency of the decoupling irradiation is usually random noise modulated to cover the whole range of 1 H chemical shifts. Under conditions ofproton decoupling, natural-abundance 13 C NMR spectra are basically very simple: each carbon normally gives rise to one peak (except when splitting occurs as a result of scalar coupling to some nucleus other than 1 H, such as 31 P).
On the basis of the above considerations and examples, it is obvious that 13 C NMR can be very useful for structural elucidations of large organic molecules. This has been known for many years, largely as a result of the 13 . Nevertheless, it is only in the last few years that 13 C NMR has become an attractive technique for studying large molecules, mainly as a result of the introduction of commercial Fourier transform NMR spectrometers. Because of the extremely poor sensitivity of natural-abundance 13 C NMR, a single spectral scan does not yield observable peaks except in those fortunate cases when the concentration is very high (;;;.: 1 M). Therefore, 13 C NMR spectrometers are equipped with an analogue-to-digital converter and a digital memory for the purpose of digitizing every scan and adding the signals from repetitive scans. The accumulated signal grows linearly with the number of scans, while the noise grows as the square root of the number of scans. Therefore, the ultimate signal-to-noise ratio is proportional to the square root of the number of scans. With a typical cotnmercial NMR spectrometer, about 20000 scans are required to get a useful natural-abundance 13 C spectrum of a 10 mM solution of an organic molecule 14 • If one uses an 'old-fashioned' continuous-wave n.m.r. spectrometer, each scan takes about 100s (or more). About 3 weeks would be needed to get a 13 C spectrum of a 10 mM solution. Only 14 spectra per year would result, if the spectrometer operated continuously without breakdowns and wear and tear! If one uses a commercial Fourier transform NMR spectrometer 15 , then each scan requires only about 1 s, and it is possible to get a useful 13 C spectrum of a 10 mM solution in about 10 h of signal accumulation time 14 . With additional instrumental improvements developed in my laboratory 16 (see below), a 13 C spectrum of a 10 mM solution can be obtained in 30 min of signal averaging (Figure 6 ), and the lowest practical concentration for natural-abundance 13 
MOLECULAR STRUCTURE

Anomeric equilibria of ketoses
Proton NMR has been used to study anomeric equilibria of aldoses in aqueous solution 17 by observing the relatively isolated downfield resonance of the hydrogen attached to the anomeric carbon. Proton NMR has not been used to study anomeric equilibria of ketoses such as fructose, because the anomeric carbon is non-protonated, and as a result there are no easily Figure 9 presents 13 C spectra of aqueous solutions of several dextrans. All the spectra have six strong resonances that arise from the 1 -6' linked cx-glucopyranose units of the main chain. All the spectra also have a peak (at 132.2 p.p.m. in Figure 9 ) that can be assigned to unlinked CH 2 0H groups 6 • A comparison of the integrated intensity of this peak with that of the main C-6 resonance (at 127.2 p.p.m. in Figure 9 ) yields quantitative information about the extent of branching 23 , because the presence of each -CH 2 0H group is the result of one branch point. We can neglect the -CH 2 0H group at one end of the main chain, because of the high molecular weights involved here. Quantitative information about the type ofbranching can be extracted from the integrated intensities of the minor peaks at 111.9 p.p.m., 114.3 p.p.m. and 117.2 p.p.m. in Figure 9 . These resonances arise fron'i carbons 3, 4 and 2, respectively, when these carbons participate in a glycosidic linkage. Details are given elsewhere 23 • 
Precautions in quantitative analysis
Wehave discussed above two examples of applications of 13 C NMR to quantitative analysis. These applications require judicious use of 13 C signal intensities. Insufficient digital resolution, differences in spin-lattice relaxation times (T 1 ) and differences in nuclear Overhauser enhancements (NOE) can produce serious errors in quantitative analysis by means of 13 C NMR. We will now discuss each of these three factors. Figure 10 shows the proton-decoupled natural-abundance 13 C resonance of neat ethylene glycol at about 36°, in a 20 mm sample tube 16 In order to cover the complete range of 13 va1ues, and how to extract usefu1 information from such measurements. We will start here with a qualitative explanation of spin-lattice relaxation.
When placed in a magnetic field, a spin--! nucleus (such as 1 H, 13 C, 15 N, 19 F, 29 Si, 31 P, and others) has two energy states. Assurne that ~ou have 257 placed your sample in a magnetic field, and that you have waited long enough for the populations of the two spin states to reach their equilibrium values. Suppose now that you change the populations to a non-equilibrium distribution (by means of a pulse of radiofrequency excitation, for example). If left to its own devices, the spin system will try to reach the equilibrium populations, in an exponential or nearly exponential manner in most cases. When the decay is exponential (as in 13 C relaxation under conditions of proton decoupling 25 ) 26 • 27 . In other words, the signal intensity in the presence of proton decoupling is three times greater than in the absence of 1 H irradiation.
Two conditions must be satisfied in order to observe the full NOE of 2.988. First, 13 C relaxation must occur entirely by 13 C -1 H dipole-dipole interactions (see next section). If other relaxation mechanisms are important, the NOE is reduced 25 • 26 • Second, the effective correlation time for rotational reorientation (-r.rr) ofthe vectors connecting the 13 C nucleus to the 1 H nuclei that cause dipolar relaxation must be small relative to the proton resonance frequency (w 8 ) in rad/s 26 • 28 : 't"errWH 41 1
This 'extreme narrowing condition' is normally satisfied for organic molecules, because their correlation time for over-all rotational reorientation (-ra) in solution is usually in the range 10-12 -10-10 s. In the case ofbiopolymers in their native conformation, 't"a is typically 10-8 s or greater, and equation 1 will not be satisfied, unless ' t" err is dominated by fast internal reorientations 28 • 29 • A common misconception is that non-protonated carbons of organic molecules should have one-third the intensity of protonated carbons. This can only happen if the 13 C _j. H dipolar relaxation mechanism (see next section) makes a negligible contribution to the relaxation ofthe non -protonated carbons. It is true that 13 C -1 H dipolar relaxation is much weaker for nonprotonated carbons than for protonated ones (see next section). However, the 13 C_t H dipolar relaxation mechanism can be the dominant one even for non-protonated carbons 27 . In fact, examples ofnon-protonated carbons with an NOE of about 3 have been reported 27 • It is safe to assume that protonated carbons of large organic molecules (in the absence of paramagnetic centres) have the full NOE of2.988. Therefore, differential NOE effects will not complicate the use of the resonances of such 258 
MOLECULAR MOTIONS
The Fourier transform NMR method not only overcomes, to some extent, the poor sensitivity of 13 C NMR. It provides a bonus: a Fourier transform NMR spectrometer can have, at practically no additional cost, the built-in capability of conveniently measuring the spin-lattice relaxation time of each resonance. We can conveniently measure the T 1 value of every 13 C nucleus that yields a resolved resonance by the PRFT method 27 . First we invert populations by means ofa 180° radiofrequency pulse 24 . Then we wait an interval -r before applying the 90° radiofrequency pulse that generates the observed signal 24 . Ifthe waiting interval -r is very much Ionger than the T 1 of a particular 13 C nucleus, then equilibrium ofpopulations will be reestablished before.the application ofthe 90° pulse, and we willgetan 'ordinary' spectrum, as if the 180° pulse bad not been applied: each resonance will have its equilibrium intensity A 00 • If the waiting interval -r is very much shorter than T 1 , then the observing 90° pulse will be applied under conditions of inverted populations, and we will get an 'inverted' spectrum with 'negative' peaks of equal amplitude to the 'positive' peaks that would have resulted in the absence of population inversion. The amplitude A, of a resonance in a 'partially relaxed' Fourier transform (PRFT) spectrum generatedas described above is given by 24 (2) A resonance will be 'negative' if -r is smaller than T 1 In 2 and 'positive' if -r is larger than T 1 In 2. In principle, it is possible to measure T 1 by finding the value of -r (-rnuu) that yields no signal at all. Figure 11 . The resulting T 1 values are given in Figure 12 . The T 1 value of each protonated carbon has been multiplied by the number of directly bonded hydrogens (see below). 13 C resonances can be measured on practically any Fourier transform NMR spectrometer, we areready to discuss the purpose of T 1 measurements. Carbon-13 spinlattice relaxation times yield information about over-all molecular rotations and internal motions within molecules 25 -33 • Thev can also be used for assigning 13 C resonances to specific carbons 1 • 2 · 8 · 2 '1.3 2 . All these applications require an understanding of 13 C relaxation mechanisms.
Now that we have established that T;. values ofindividual
As discussed above, 13 C spin-lattice relaxation involves transitions between the two spin states of a 13 C nucleus placed in a magnetic field. applied radiofrequency excitation, but transitions that occur in the absence of any external radiofrequency irradiation. Spin-lattice relaxation is produced by electromagnetic radiation generated within the sample (we are interested here only in the magnetic component, because n.m.r. excitation involves magnetic dipole transitions). There must be some internal source of electromagnetic radiation, built-in within the sample, that has a non-zero amplitude at the 13 C resonance frequency. It is necessary to consider the various interactions that fluctuate in strength, and to compute how much intensity the resulting fluctuating magnetic field has at the resonance frequency. A relatively simple situation occurs in the case of protonated carbons of large molecules (in the absence of paramagnetic species): only one relaxation mechanism is important, the so-called 13 
NATURAL-ABUNDANCE CARBON-13 FOURIER TRANSFORM NMR STUDIES
The strength of the dipole-dipole interaction between two spins is a function of the angle between the external magnetic field and the vector connecting the two spins. Therefore, over-all rotational motion of the molecule and internal rotations of C-H vectors will produce fluctuations of the dipoledipole interaction. It can be shown 25 that in the case of a protonated carbon which is part of a rigid molecule undergoing isotropic rotation, the resulting T 1 value is given by (3) Here N is the number of directly bonded hydrogens, y 8 Here Ter{ is an 'effective' rotational time for the pertinent C-H vector. Equation 6 must be used with caution, because Terr may be a complicated (and often unknown) function of many degrees of rotational freedom. Where there are few degrees of rotational freedom, such as in the case of a methyl group undergoing internal rotation while attached to a rigid molecule which rotates isotropically, it is preferable to derive the exact relationship between T 1 and the various rotational correlation times 25 • 27 • 31 • It should be noted that the contribution of dipole-dipole relaxation to l/T 1 is proportional to the inverse of the sixth power of the distance between the nuclei involved. Therefore, the 13 C-1 H dipolar relaxation mechanism is much less effective for non-protonated carbons than for protonated ones. Non-protonated carbons usually have relatively long relaxation times 27 • Also, contributions from relaxation mechanisms other than the 13 C-1 H dipolar one can be significant for non-protonated carbons 25 • We will now consider two examples of 13 C I;. studies: gramicidin S (in methanol) and phytol (neat liquid).
The 13 C spectrum of gramicidin S in metbanal is shown in Figure 13 31 • The molecular structure and values of NI;. are given in Figure 14 31 Figure 13 . Proton-decoupled natural-abundance 13 The N~ values of the 13 C resonances of neat liquid 1-decanol decrease monotonically as one approaches the hydroxyl end of the mo1ecule 32 , becauseintermolecularhydrogenbondingrestrictsthemobility atthehydroxyl end of the molecule. Note that equation 5 cannot be used in this case. Each C-H vector changes direction as a result of various internal rotations. The situation is even more complicated in the case of phytol (Figure 12 ). In the first place, T 1 values of non-protonated carbons are much Ionger than those of protonated ones which have comparable values of 't.r/ 7 • Forthis reason, the T 1 of C-3 is much Ionger than that of its protonated neighbours on the main chain. Second, branching along a hydrocarbon chain and the presence of an olefinic bond cause relatively localized changes in the barriers to internal rotation about C-C bonds 34 . As a result, even though the general trend is for 1/'t.rr (and NT 1 ) of the phytol carbons to increase when going from C-1 to C-16, there are localized deviations (Figure 12 ). For example, C-1 and C-3a have Ionger NT 1 values than C-2 and C-7a, respectively, as a result of 262 the relatively low barrier to intemal rotation about a C-e bond next to an olefinic carbon 34 • Also, C-7 and C-11 have shorter NT 1 values than C-6 and C-10, respectively, because of increased restrictions to internal rotation accompanying methyl substitution 34 Figure 13) . NT 1 values with the same superscript may have to be interchanged when the corresponding specific assignments become available PRFI spectra can help the process of specific assignment of 13 C resonances, without the need of actually measuring T 1 values. PRFT spectra can be used to distinguish protonated carbons from non-protonated ones 2 , or to distinguish protonated carbons that are participating in fast intemal rotation from protonated carbons with little intemal motion 1 • 8 .
PROTEINS
The 13 C__J.H dipolCHiipole interaction not only contributes to spinlattice relaxation but also affects the linewidth of each resonance. Even for the smallest proteins in their native conformation, a linewidth of more than 20 Hz at 14.2 kG (slightly less at higher magnetic field strengths) is expected for a-carbons and side-chain protonated carbons not undergoing fast intemal rotation. Details have been given elsewhere 28 • 29 • 35 • If our aim is to observe resolved single-carbon resonances of a protein, we should determine whether there are any resonances in the 13 C spectrum of a native protein that are much narrower than a-carbon resonances. The considerations presented in the previous section indicate that we should consider all non-protonated carbons, and also those protonated carbons that have several degrees of intemal freedom. All carbons in the latter category are saturated side-chain carbons that fall in a region of the 13 likely to occur for carbons with appreciable intemal mobility. We do not discount the possibility of studying single-carbon resonances of saturated side-chains, especially methyl groups. However, we have concentrated our present efforts in the region of non-protonated carbons. lt seems that nonprotonated aromatic carbons hold the most promise for observing resolved single-carbon resonances, because they cover a relatively large range of chemical shifts for a small number of carbons. The resonances of protonated aromatic carbons are in close proximity to those of many non-protonated ones. However, side-chains of aromatic residues normally do not have appreciable internal rotation 35 • Therefore, on the basis of arguments presented elsewhere 28 • 35 • 36 , we expect that protonated carbons will yield broad resonances that do not seriously interfere with the detection of the narrow non-protonated carbon resonances. The poor sensitivity of 13 C NMR is enough of a problern in dealing with small molecules. With biopolymers it is even more severe. When the extreme narrowing condition (equation 1) does not apJ!ly, the NOE is less than 2.988, even if the relaxation mechanism is purely C-1 H dipolar 28 • 29 • 36 • Theory predicts 28 , and experimental results confirm 35 , that aromatic carbons of native proteins normally have an NOE ;:S 1.3, in contrast to the NOE of about 3 normally observed for protonated carbons of organic molecules. Therefore, the aromatic carbons of a 10 mM protein solution will yield resonances with a signal-to-noise ratio less than halfthat ofthe 13 C resonances of 10 mM sucrose (Figure 6 ), for the same number of spectral scans. Figure 15 shows a proton-decoupled natural-abundance 13 C NMR spectrum of 13 mM hen egg-white Iysozyme (molecular weight about 14000). This molecule has a total of 613 carbons! Details have been given elsewhere 36 • 37 • There are 87 aromatic carbons in a molecule of hen eggwhite Iysozyme, arising from one histidine, three phenylalanine, three tyrosine and six tryptophan residues. Only 28 of these carbons are non-protonated 
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Partial assignments ofpeaks of Figure 16B can bemade by comparisons with 13 C chemical shifts of amino acids and small peptides. For example, the six tryptophan residues yield five er resonances (peaks [18] [19] [20] [21] [22] of Figure   16B ) covering a range of about 5 p.p.m. Clearly, peaks [18] [19] [20] [21] are single-carbon resonances! Note that the sensitivity of our 20 mm probe greatly facilitates the detection of single-carbon resonances of a protein (compare Figure 16B with Figure 16A) . Figure 18 . Ferrocytochrome c is diamagnetic, while ferricytochrome c is paramagnetic. Fully proton-dccoupled 13 C spectra of horse-heart ferricytochrome c and ferrocytochrome c are shown in Figures 19A and 19B 
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carbon resonances are just as narrow as in spectra recorded under conditions of full proton decoupling. In the case of the diamagnetic ferrocytochrome c (Figure 19B ), all 34 non-protonated aromatic carbons, including the 16 nonprotonated aromatic carbons of the haem (Figure 18 ), give rise to observable narrow resonances 38 . When going to the paramagnetic ferricytochrome c (Figure 19A ), His-18 (which is coordinated to the iron) and the haem do not yield narrow aromatic carbon resonances 38 . The observed single-carbon resonances of aromatic amino acid residues can be used, in principle, to monitor the conformational and chemical properties of specific atomic sites of proteins in solution. Such applications will first require the assignment of the resonances to specific points in the amino acid sequence. We are making some progress in this direction 35 • 39 • LIPOPROTEINS Proton-decoupled natural-abundance 13 C NMR spectra of aqueous human plasma VLDL, LDL and HDL are shown in Figure 21 40 • 41 . Most of the prominent features ofthe Iipoprotein spectra arise from the Iipid moiety. Resonances are observed for fatty acyl side-chain carbons, for glycerol backhone carbons, for choline carbons, and for ring and side-chain carbons of cholesterol and cholesteryl esters 40 • 41 . HDL also yields several narrow peaks that arise from the protein moiety 41 . T 1 values oflipid carbon resonances yield semi-quantitative information about rotationalandsegmental mobilities of the Iipid components 41 . The T 1 values of C-6 of the cholesteryl moiety of HDL and LDL reveal that the fused ring systems occupy regions of much higher microviscosity than that of the aqueous environment 41 . NUCLEIC ACIDS Because of their low molecular weights (about 25000-30000), tRNAs (Figure 22) are attractive choices for initial 13 C NMR sturlies of nucleic acids. We have reported some results on unfractionated tRNA from baker's yeast 42 · 43 . With the use of a 13 mm probe 42 , the only clearly observed signals Figure 22 . Structure of phenylalanyl tRNA from yeast were those resulting from the ribose and the four major bases (Figure 23 ). Figure 24 that suggest the possibility of observing some single-carbon resonances in 13 C NMR spectra of pure strains of tRNA. On the basis of 13 C chemical shifts of mononucleosides and mononucleotides43·44, some carbons of minor bases (Figures 25 and 26) should 
